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ABSTRACT
Thin monocrystalline films of 100 and 111 orientation
•were grown by epitaxy condensation on LiF substrates. Film
thicknesses varied from 13,150 A to 17,520 A. Laue X-ray
transmission patterns revealed the films to be 75 to 90$
monocrystalline in nature.
Sputtering ratios in the thin films were obtained for a
50$ transmission point. Sputtering ratios for 100 and 111
orientations varied from 0.01 to 0.06.
The sputtered silver was collected on carbon backings
and irradiated in the AGN-201 reactor at 200 watts for
four minutes. A computer analysis of the resulting decay
curves yielded amounts of silver sputtered. The minimum
acceptable reactor detection limit for silver was found to
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1. Introduction
Horn and Stocking [83 determined sputtering ratios in thin
monocrystalline Ag films by high energy protons. They were,
however, unable to obtain consistent results. The inconsisten-
cies were, in part, attributed to a large uncertainty in the
sticking coefficient of silver and variations in collector solid
angle from one sputtering run to another.
The experiment described herein was designed to investi-
gate the various parameters involved in sputtering and to
obtain reproducible sputtering data. The project was divided
into three sections. The first section describes the growth
of thin monocrystalline films (epitaxy process) for subsequent
use as sputtering targets. The second section involves the
investigation of a suitable reactor analysis technique that
would insure activation reproducibility. The final section
concerns the sputtering experiment itself. Films of several




Epitaxy is, in a general sense, merely the growth of one
crystal upon another. However, the term as used herein
applies to the growth of a matallic material upon a substrate
via vapor condensation. The substrate generally possesses
crystalline properties similar to those of the condensed metal.
The process of epitaxial condensation was first observed
by H. Larsen in 1934 • Pashley JL8] in 1956 provided a com-
prehensive review of the epitaxy process and Hall and Thomp-
son [6] were successful in growing various metals on LiF sub-
strates.
The theories developed to explain epitaxy, in general,
agree on the following method. Evaporated atoms are con-
densed on a specially prepared substrate whose exposed
surface has a known crystalline orientation. The substrate
has been heated to the epitaxial temperature range either by
direct contact heating [6,25^ or by indirect heating via the
boat holding the source material, [l] With the substrate at
the proper temperature the mobility of the condensed atoms
on the substrate is high enough to allow the atoms to seek
desired locations and form nucleation centers. Evaporation
of the metal atoms from the substrate also occurs but at a
low rate and therefore does not substantially interfere with
the creation of nucleation centers. The centers grow until
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they merge with other centers thus forming a continuous lay-
er for further metal deposit.
Numerous parameters influence the desired film orienta-
tion. The effects of some parameters seem well agreed upon,
while the importance of others is somewhat uncertain,
a. Condition of Substrate Surface
A clean, uncontaminated substrate is absolutely nec-
essary for satisfactory epitaxy. [1
,3,13J Takabayashi
[25] found that a very thin oxide layer left by
chemical treatment and contamination of substrate
prevented perfect epitaxy. Matthews [12) suggests
contamination of the substrate is unavoidable if the
substrate surface is prepared in air rather than
cleaved in vacuum. Ion bombardment while under
vacuum is an excellent final cleaning method. The
type of substrate used will generally dictate the
method required for cleaning and surface preparation.
b„ Substrate Temperature During Epitaxy
The temperature of the substrate appears to have
a marked influence on the mobility of the condensing
atoms, and hence in the atoms ability to form nuc-
leation centers. j_3,13J The mobility of the condensing
atoms also seems to be related to the melting temp-
erature of the metal. (jSJ The substrate should be
at some elevated temperature, depending on the
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condensing metal. LiF substrate temperatures of
460°C to 480°C were found by Cumblidge £3] to
produce satisfactory silver films for all orientations.
Individual temperature ranges for several different
orientations were determined by Moore. [13]
c. Epitaxy Vacuum and Deposition Rate
Evaporation and subsequent transport to the sub-
strate surface is a diffusion process and any resid-
ual gas in the chamber will affect the epitaxy pro-
cess. Therefore a pressure no greater than 10"^"
torr is necessary to prevent gross contamination of
the substrate surface by the residual gas molecules.
Even a pressure of 10" torr will result in substan-
tial contamination of the substrate surface. [6 J How-
ever, experiments run by Oquwa under minimum
contamination conditions resulted in polycrystalline
films. This apparent inconsistency was explained by
Matthews. \iz\ Growth of very thin (1A) gold foils,
under minimum contamination conditions, does result
in better oriented films than those grown on air-
contaminated substrates. However, for growth of
other than very thin foils, the exposure of the
substrate to air increases the number of metal nuc-
lei generated per unit area of the substrate surface
by a factor of two. This increase allows nuclei to
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coalease early in film growth which in turn influences
the orientation growth of the film.
Matthews established a vacuum of 1 X 10~°
torr prior to evaporation of gold onto a vacuum
cleaved sodium chloride substrate. During deposi-
tion vacuum was 5 X 10*"' torr. Initially a very
o
rapid deposition rate of lOOOA/sec was used to
form many nuclei per unit of the substrate (as in
the air-contamination situation) . The remaining
gold was deposited onto the substrate at a rate of
o
5 A/sec to provide time for elimination of some of
the defects formed in the growth of the initial
nuclei.
Growth of germanium onto germanium substrates
was most rapid in the 110 orientation and slowest
in the 100 orientation. \25] Uniform nucleation is
apparently influenced by the rate of deposition on
the substrate and the deposition rate varies accord-
ing to the substrate orientation. The high index
planes of LiF substrate required a higher condensa-
tion temperature. [6j
d. Lattice Parameters of Substrates and Condensing
Metals
Face centered cubic (FCC) metals have been grown
on FCC substrates with a misfit of 105#» where
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percent misfit is defined as 100 (b-a)/a with a and
b representing lattice spacings on the substrate and
condensing metal respectively. [13] Cumblidge [3]
reported a small misfit between lattice parameters
of substrate and condensing metal seem to encourage
epitaxial growth. The correlation between lattice
crystal constants in substrate and metal is relatively
unimportant. [&]
Often films produced by the epitaxial procedure contain
numerous dislocations and twins. Stacking faults may develop
at the joints where nucleation centers meet. These flaws
are usually due to failure to control properly or establish one
or more of the aforementioned parameters.
X-ray diffraction provides a suitable technique for ana-
lyzing the metal films. Sharp spot patterns indicate satis-
factory allignment of film and substrate. Laue transmission
patterns for various orientations are shown in \3, 13J .
3 . Apparatus
Hall and Thompson \6] prepared thin metal films by
epitaxial vapor growth. Their procedure was used as a basis
for subsequent attempts to produce silver silms on LiF sub-
strates at the United States Naval Postgraduate School.
Initial experiments were run by Warriner and Tabler [27] in
1962, followed by Moore [13] in 1963, and Cumblidge £3] in
1964.
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The apparatus used for epitaxial growth of silver films
was developed by Cumblidge and is shown in Figure 1. A
detailed description of the apparatus is presented by Cumblidge.
Two minor changes were made in the furnace assembly
from that used by Cumblidge, primarily in an attempt to
reduce the amount of structural material to a minimum. Only
one shield support was used rather than two and the sub-
strate clamping device was omitted. (See [3] » Page 7 )
4. Experimental Procedure
The procedure used to prepare the LiF substrates is
outlined by Cumblidge. [3] LiF crystals (one inch by five mm.
thickness) were obtained from the Harshaw Chemical Company.
Substrate surfaces were examined under a 500X microscope
to insure satisfactory surface conditions. Since I_,iF is
susceptible to water vapor absorption, the substrates were
installed in the furnace immediately after surface preparation.
Helium was blown over the installed substrate as a final pre-
caution to remove dust particles. The silver charge used was
certified to be 99.9995$ pure.
The chamber was allowed to pump down to a vacuum of
— ft
3 X 10"" torr or better before commencing to heat the sub-
strate. Heating rates were generally around 300°C/hour,
although more rapid rates would not have been detrimental.
[3] A substrate temperature of 460°C to 475°C was used
for all substrate orientations. The vacuum under these
15
conditions was 8 X 10"^ to 1 X 10"5 torr.
The silver was slowly heated to allow for outgasing.
Outgas was evident by noting the rise and subsequent fall in
vacuum. Further heating of the silver resulted in liquefaction.
After ten to fifteen seconds agitation in the liquid phase,
the temperature was raised to produce evaporation. The
evaporation was allowed to run ten seconds prior to rotating
a shield away from the silver charge and exposing the sub-
strate. Evaporation of 1.4 grams of silver took approximat-
ely two and one-half minutes.
Both substrate and silver charge heaters were secured
after complete evaporation of the silver. During the evap-
oration the vacuum increased to 1 X 10"^ torr. The temper-
ature of the substrate at the end of the evaporation was
less than 510°C. Natural cooldown was used and removal of
the substrates was accomplished the day following evaporation.
A forced cooldown may be used if time requirements so dic-
tate. Figure 2 shows a silver deposit on a substrate just
prior to removal from the furnace.
Removal, weighing and mounting were done in accordance
with [3] . Figure 3 shows a typical film mounting. The films,
once mounted, were stored in a sealed container under a
helium atmosphere to inhibit film surface oxidation.
5. Results
Silver films of 100 and 111 orientation were obtained
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having thicknesses between 13,000 and 18,000 A. A total
of three silver films out of a possible four were obtained
per evaporation. The fourth film was generally unacceptable
as a result of incomplete growth caused by a shadowing effect
from the thermocouple mounting assembly. The two silver
films obtained from the same LiF substrate had a mass dif-
ference of less than 5%. The third film was lighter in mass
and differed from the first two by as much as 15$.
After mounting the films, Laue transmission patterns
were taken to verify proper film orientation, the film's
monocrystalline nature, and the degree of stressing. Figure
o
4 shows a Laue X-ray pattern of a 15,000 A 100 Ag film
and a 100 LiF substrate.
The silver film should present a spot pattern similar to
that of the parent substrate. Polycrystalline films may be
identified by noting the presence of Debye-Scherrer rings.
A stressed film produces a radial line pattern rather than a
spot pattern.
6. Evaluation of Results
Film of acceptable quality were obtained only after num-
erous trials. The technique of epitaxy, unfortunately, remains
more of an art than a science. There seems to be no one set
of rules to follow for which results are guaranteed.
The rate of silver deposition onto the LiF substrate
o
was quite critical. A rate of 100 A/sec produced acceptable
17
ofilms, while a rate of 170 A/sec resulted in polycrystalline
films. This deposition rate for acceptable films was much
lower than that determined by Cumblidge. [3] No obvious
explanation is available to explain this discrepancy.
The variation in film thickness in a single run was due
to improper allignment of substrate assembly over the silver
charge. The silver charge in the tantalum boat also had a
tendency to flow to the hottest part of the boat, which
resulted in additional mass differences. An evaluation of mass
difference with respect to allignment of substrate over sil-
ver charge is discussed by Cumblidge. [3J
The Laue pattern for an ideal film would be that shown
for the parent substrate (Figure 4). The criteria establish-
ed for film acceptance or rejection was absence or presence,
respectively, of Debye-Scherrer rings. Stressing, although
not desirable, was accepted since it was thWfcight to be the
result of film removal and subsequent mounting procedures




Activation analysis is a method of measuring concentra-
tions of constituents in a given sample by measuring the char-
acteristic radiations emitted by the radioactive nuclides res-
ulting from selected nuclear transformations. [9] The unique
combination of chemical and nuclear properties of each activa-
tion product permits the use of a specific procedure for its
measurement and identification. The selection of the type
of analysis used is based on the activation products obtained,
properties of the matrix, possible interfering reactions,
sensitivity required, facilities available and time.
The comparative method of activation analysis was the
most acceptable method for determining the quantities of
silver that are obtained from the sputtering experiments per-
formed at the United States Naval Postgraduate School. As
discussed by Boyd, [2J this method of analysis fortunately
neglects such difficulties as the determination of the net
counting yield, counter efficiency, precise activation cross
sections and the absolute flux magnitudes. However, it
necessitated that the comparative samples were of known
composition and of the same general composition as the sput-
tered samples in regard to quantity, backing and sample spread.
The irradiation arrangements and counting geometry of the
comparative samples must be identical to that used for the
19
sputtered silver samples in order to obtain acceptable rep-
roducibility.
The analysis was based on the formation of radioactive
nuclides as a net result of reactions between the nuclear
particles and the isotopes of the investigated sample. The
sample to be analyzed was placed in a neutron flux for a
period of time sufficient to produce a measurable amount of
radioactive isotopes. The net rate of growth of the act-
ivated isotopes, N, is given by the equation
<% • ^.^-^ (i)
which upon integrating over the irradiation time, t, the
following is obtained:
N .. ^E(/- e - u; (2 ,
A
N - the number of activated isotopes
-
the neutron flux (n/cm -sec)
no - the number of target atoms
(T - the cross-section for the nuclear reaction ( cm^/target
atom)
A
X - the decay constant of the radioactive atoms (see" )
which can be related to the half-life of the radioactive
isotope, T£ , by the equation )\ =0.693/T£
The amount of activity, A. (disintegration/sec), is given by
At •- XN = $n. (T (i - e" ) (3)
For infinitely long irradiation periods A
—
= ^^ (T which is
the saturation activity, therefore
-Xtv (4)
A t - A. (»-«•" )
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These equations can be used to calculate the activity
for varying conditions of flux intensity, irradiation time, and
sample mass for the various isotopes to be considered. The
flux intensity was determined by the power level at which
the reactor was operated and the sample size was determined
by the amount of silver that was sputtered from a silver
foil. The one parameter that was varied most easily was
time. The optimum length of time of activation was pre-
dicted for the various isotopes considered from a plot of
(l-e ) versus t, Figure 5.
The comparative method of activation may be summarized
as follows j
Irradiate a sample of the substance to be analyzed
in identical conditions as was the standard sample contain-
ing the predetermined mass of the element to be analyzed.
Compare the activity from the unknown with that from
the standard. As a check on the radio-chemical purity
of the assay samples it was desirable to determine their
half-lives
.
Natural silver was the element that was analyzed. It
consists of two stable isotopes, 1+8% Ag °' by weight and
52$ Ag y . During neutron activations two reactions were
obtained, Ag107 (n,t) Ag108 and Ag109 (n,Y) Ag110 , with half-
lives of 2.2+ minutes and 22+ seconds respectively.
In general, the following sequence of considerations and
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operations were employed in this analytical problem:
1. The sample preparation
2. The irradiation procedures
3. The activity measurements
4. The data analysis
5. The evaluation and discussion of the results
8« Sample Preparation
A principle requirement when using the comparative meth-
od of activation analysis was reproducibility in sample prep-
aration. The element to be activated had to be free of
interfering reactions of contamination, prepared sufficiently
so that it could not be changed or lost during measurements
and deposited uniformly on a small, -well defined area.
For minute quantities of silver it was necessary to ob-
tain a thin foil or backing upon which the silver could be
deposited. Pyrolytic graphite was chosen because it met the
requirements of the sputtering experiment. [&} Pyrolytic
graphite was easy to produce, pure and had a relatively low
background count after irradiation in the reactor. With
neutron bombardment the amount of activity induced in the
carbon was quite low because of the formation of stable C -1
12 1*3from C and the small activation cross section of the C J «
The equipment for producing the graphite was described by
Horn and Stocking. [8J
An appropriate amount of reagent pure AgNCU crystals
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were dissolved for the comparative (standard) samples and
diluted with doubly distilled water to a 1 liter solution con-
taining 1.016 X lO""-3 gm/ml of Ag. By successive dilutions
of 1 ml aliquots of the initial solution two more dilute sol-
utions of 1.016 X 10~6 gm/ml and 2.032 X 10"7 gm/ml were
prepared.
To prevent hydrolyzation these solutions were stored in
a dark location (Gliet et al [5~] mentioned that HNO could be
added to prevent hydrolyzation) .
The comparative samples were prepared by depositing,
with a micropipet, 100 A samples of a prepared solution (fol-
lowed by two 100 A rinses of distilled water) on the graphite
disks. This procedure produced three different quantities of
Ag (1.016 X 10"6 , 1.016 X 10~ 7 and 2.032 X 10-8 gm) per
sample. The samples were slowly evaporated to dryness
under an infra red lamp and were finally coated with approx-
imately 5A of Duco cement acetone solution. The Duco ce-
ment solution prevented the loss of any Ag when the samples
were being handled and also helped to strengthen the graphite
backing. To prevent unnecessary contamination, the com-
parative samples were always handled with tweezers and were
stored in a covered plexaglass container when not being used.
9. Irradiation Procedures
The standard samples, encased in a cadmium cup, Figure
6, were irradiated at 200 watts for a period of 4 minutes in
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the AGN-201 nuclear reactor installed at the United States
Naval Postgraduate School.
The position in which the sample -was placed within the
core was offset from the core center. This was done in
order to take advantage of the peak flux mentioned by-
Ferguson and Harvy. [i+TJ
The sequence of operations for irradiating a sample was
that the reactor operator brought the reactor up to the
250 watt power level, which dropped immediately to 200 watts
when the sample was inserted, Figure 7| after a 22+0 second
irradiation period the reactor was scrammed and the sample
immediately withdrawn and placed in the counter.
10. Activity Measurements
The activated samples were counted immediately upon
being removed from the reactor with the lapse time between
reactor and counter being 15 seconds. The samples were
placed in an aluminum tray, Figure 9> and slid between the
two detectors on their central axis. A counting interval of
five seconds was used and a total counting period of at least
200 intervals or 17 minutes was measured.
The counting of the (3 decay rate was performed by two,
2 inch DuMont 6292 photomultipliers coupled to \/k inch X 1
inch anthracene crystals, Figure 10. These counters were
installed in a lead brick box, internal dimensions 31 X 31 X 50
cm, with wall thicknesses of 10 cm and located 8 meters from
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the reactor. The two detectors are connected through an
electronic system, Figure 12, to a Nuclear Data ND-180F
analog to digital converter, used in gross mode, and then to
the ND-180M 512 channel memory unit. From this unit the
observed results were printed in tabular form by a teletype
and/or plotted as a logametric decay curve by a Moseley
Autograph x-y plotting system.
To insure consistency of the counting apparatus, periodic
checks were performed on the equipment. At least" once vevery
day the counting equipment, Figure 11, was in use, a stan-
dard C_, ->' source was counted to insure a consistant count-
ing rate j the voltage of the Hamner amplifier, model H302,
was adjusted for the maximum counting peak whereby any
counting fluctuation was minimized. This check also insured
that there were no variations due to abnormal functioning
of the timing unit. Background measurements were performed
prior to the activation runs and immediately after them, an
increase of less than 0.5 c/sec was obtained during periods
of five successive irradiations.
11. Data Analysis
The measurement and identification of the radioisotopes
were accomplished by the least-squares analysis of the tabu-
lated counting data. The actual analysis of the individual
decay curves was performed by the FRANTIC computer
program, developed by Rogers, [22] on a CDC 1604 computer
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operator at the United States Naval Postgraduate School.
This program may accommodate up to 2+00 data points and
analyze for a maximum of 10 components. However, the
variation between decay constants of the components must
vary appreciably (greater than 1.5 times another) to get
any significant results. The input parameter of each com-
ponent in the program, AQ coefficients (activities at time
T=0) and A values (decay constants) could be held fixed or
could be varied depending upon the type of analysis desired.
In addition to the number of components, other quantities
that could affect the accuracy of the decay curve were
uncertainty in the observed count rate, counting interval,
background and lapse-time (period between the time of reac-
tor scram and time when the initial count was observed)
.
The results of the programs that were primarily used
for the development and construction of a comparative cal-
ibration curve were Nq (the number of atoms of an individual
isotope at time T=0). Also the half-lives were used to
substantiate the isotopes' identities. These values were
obtained by analyzing a number of comparative samples con-
taining various known amounts of silver, Table 1. Generally,
during analysis only two components were entered into the
program and for these both Aq and X were permitted to vary.
The half-life value was used for the criteria as whether to
accept or reject the Nq value. The calculated half-life value
26
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* indicates not encased in Cadmium cup when activated
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for Ag was generally within a h$> interval of its accepted
value of 24 seconds, whereas the half-life value for the
Ag108 isotope was not acceptable. After several tests
irradiations on plain graphite samples and samples with only
Duco cement solution added, it was determined that there
were possibly at least two more activated components present.
However, a positive identification was not obtained. When
a cadmium cup was used, the activation of the contaminates,
Agl-Ob' isotope and Ag isotope was reduced. Nevertheless,
the radioactive Ag^O isotope was still present in sufficient
amounts so that an adequate analysis could be performed.
This made it possible to construct a calibration curve which
compared the Nq of Ag110 for a standard sample (obtained
from the computer program) to the number of silver atoms
the sample actually contained, Figure 13.
12. Discussion and Evaluation of Results
The final results indicated that the variation of NQ for
equivalent samples with a quantity of 1 X 10~°gm of Ag was
3% and for an Ag quantity of 1 X 10~^gm the variation was
6%. At concentrations of Ag less than 10"'gm the percent
of variation increases rapidly.
The validity of the results obtained by the comparative
method of activation analysis was dependent upon errors in-
herent in the analytical, irradiation and activity measuring
procedures.
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The analytical sources of error included the failure to
insure that the graphite backing was free of contaminants,
the faulty preparation of the comparator samples, the intro-
duction of contaminants during sample preparation, and the
improper handling of the sample.
Initially it was discovered by activation analysis that a
number of the graphite disks were contaminated. It was
assumed that the disks were acquiring contamination from the
dust and possible minute metal particles in the laboratory.
Upon selecting a more isolated location for preparation of
the disks and obtaining an enclosed storage case, this source
of error was eliminated. It is recommended, however, that
the graphite disks be analyzed for contamination prior to
being used in sputtering experiments.
By using extreme care and maintaining high standards of
laboratory techniques, the magnitude of the error produced
during the preparation of the comparative samples was assum-
ed to be negligible. The AgNCu was 99*99$ pure, the error
in quantative measurements was less than 1% because precise
equipment was used and solutions were homogeneous in concen-
tration.
An error was introduced due to the introduction of con-
taminants to the samples; this was found to be Duco cement.
At high silver concentrations (10~'gm) this error was small
but at lower concentrations it became appreciable. The
29
activation products contained in the Duco cement acetone
solution and residual contamination limit the sensitivity of
this analysis. This contamination could be partially controlled
by reducing the amount of Duco cement solution to a minimum.
The error due to improper handling could be controlled
by using care and good laboratory methods. The less hand-
ling of the samples the more negligible the error became.
The irradiation sources of error included interference
of competing reactions, undetermined variations in flux inten-
sities, and variations in the length of irradiation periods.
In an attempt to minimize the effects of contaminate
reactions, it was evident that the usefulness of the cadmium
cup had to be determined. Its desirability -was discussed by
Horn and Stocking. [8] Several sample irradiations with and
without the cadmium cup were performed in order to confirm
their conclusions. Using the various standard silver samples
for Ag uo the ratio of the yield to thermal, resonance and
fast neutron irradiation (without cadmium cup) to the yield
due to thermal and fast neutron irradiation (with cadmium cup)
was 7.31 ± 0.5 and for Ag110 it was 2.16 ± 0.25. It was
erroneously implied that there was an advantage in activations
without the cup because higher activated products would yield
data that would have less variations due to statistical count-
ing fluctuations and therefore smaller amounts of silver could
be detected. The log plot of the decay curves for the activa-
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tion products of several samples were examined. Figures 14»
15 and 16. When a sample was activated without the cadmium
cup the resulting curve appeared more exponential than was
the decay curve obtained from the sample activated in the
cup. However, when the actual computer analysis of the
decay curves was performed, it was found that there was
also a substantial increase in contaminate activation which
caused significant errors in the two silver half-lives. This
difficulty was extremely obvious at low concentrations of
silver (quantities less than 10~°gm) when the samples were
without the cadmium cup. Therefore, a cadmium cup was
used for all subsequent irradiations.
In attempting to obtain consistant data from the irrad-
iation procedure it was necessary to choose a power level
lower than the reactor's maximum rated power. At the
1000 watt power level the operator could not maintain a con-
stant power setting for the entire duration of the activation.
This was due to the unavoidable drop in reactivity when the
cadmium encased sample was inserted into the reactor. Fig-
ure 8 shows the reactor's power level strip chart for an act-
ivation at 1000 watts and 2+5 second duration. Note that
upon insertion of the sample the power dropped below the
desired level and required nearly half the activation period
before returning to the desired level.
It was obvious that the larger the flux, the greater the
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sensitivity of the procedure. After weighing these two re-
quirements, consistency and sensitivity, it was decided that
the optimum reactor power level for the activations should
be 200 watts. This would produce a total flux of about
13 X 10 10 neutrons/cm2/sec. [20]
At this power level it was possible to reproduce and
maintain constant conditions for the initial and subsequent
activations. This was illustrated by a strip chart recording
of a 200 watt activation for a period of 22+0 seconds, Fig-
ure 7» As recorded by the chart, when the sample was
inserted the power, 250 watts, dropped to and remained at
the desired power level of 200 watts for the entire activa-
tion period. It was therefore considered that any variations
in flux due to power level changes were minimized by this
procedure.
Another advantage of the 200 watt level is that at
higher levels the core temperature rises faster, reduces the
available excess reactivity and prevents extended operations.
Even at this level the maximum number of consecutive four
minute runs possible was five.
As indicated from equation 2+ and Figure 5» for an iso-
tope there is a saturation value or a moment when any fur-
ther irradiation time produces a negligible increase in activity.
Since Ag11^ was the primary silver isotope activated and
detected, an irradiation period of ten times Ag110 's half-life
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(240 seconds) was assumed sufficient time to irradiate it to
its saturation activation value.
A five second variation in this interval produced only a
0.02$ variation in the activity of Ag110 . When Ag108 was
considered, a 0.7$ variation in its activity for a five second
error was produced. The estimated timing error in the
irradiation interval for the experiment was 0.5 seconds,
therefore the variation induced in\ the silver activity was neg-
lected.
The use of the comparative method of activation analy-
sis, in which the comparative and unknown samples are sim-
ilar and treated identically, makes it possible to neglect var-
ious counting factors as geometry, absorption and back-
scattering. However, counting measurement errors caused
by uncertainty in the observed count rate, background,
lapse-time and counting interval must be considered. These
measurements are included in the weighted variance, <J~
,
that
is calculated by the computer for the individual results.
The background and counting interval were frequently
checked (note activity measuring section) in order to insure
minimum variations. The estimated variation in lapse-time
was 0.5 seconds which could cause 1.5$ variation in the com-
puted value of NQ for Ag110 .
The variance, CT , for the NQ from any one of the
computer analyses is often smaller than the actual standard
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deviation calculated for a series of identical analyses. [22]
Since the number of analyses of identical samples were few,
the reliability of the percent error attributed to the stand-
ard deviations of the series was doubted. The errors that
have been stated with the conclusions are those obtained from
the largest o~ of each group of identical analyses plus the
error induced by variations in lapse-time. Other errors men-
tioned were assumed small and therefore neglected.
During the analysis it was discovered that as the con-
centration of silver on the samples became smaller, the great-
er the influence the contamination products had on the com-
puter analyses. The minimum concentration of silver was
10" 'gm for which the FRANTIC program would compute a
valid half-life for Ag . Also, below this concentration the
calibration curve, Figure 13, asymptotically approaches a min-
imum Nq value, this is due to the activated contamination
products.
In conclusion, a minimum of 1+00 counts for the first
five second counting interval following a fifteen second
lapse-time, or 10~'gm of silver, was accepted as the limit
of detection. At this limit, the detection reliability and
reproducability was 9k% •
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SPUTTERING OF SILVER FILMS
13. Background
The term sputtering, as used in this paper, is the
process in which an energetic ion is incident to the surface
of a thin metallic foil and after a series of energy losses
causes the ejection of a mettalic ion from the foil's rear
surface. Nelson and Thompson [li+] were early investigators
of this type of sputtering, called transmission sputtering.
The quantitative aspect of sputtering was investigated
instead of the spot pattern phenomenon observed by Southern,
Willis and Robinson [2k] in their reflection sputtering experi-
ment. Measurements were made of the sputtering ratio or
yield, which is the average number of target atoms ejected
per incident ion.
A partial explanation of the sputtering phenomena has
been submitted by Silsbee. [23] As an energetic ion moves
through a regular crystalline lattice, dissipation energy,
focused collision sequences are produced traveling in low index
crystalline directions. The intersection of the collision seq-
uences with the crystal's surface causes the ejection of atoms
in these same directions., When f.c.c. monocrystalline metals
were observed in sputtering experiments by Nelson and Thomp-
son, [14] it was found that the focused collisions traveled in
the closed packed directions of the crystal, preferentially the
<110> direction.
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Oen and Robinson [21] have suggested that discrepancies
in the sequence collision theory may be explained by consider-
ing the channeling effect. In this theory the energetic ions
may move along in the crystalline lattice through channels
which enable them to penetrate deeper into the crystal and
loose much of their energy in sub-threshold collisions.
Variations in sputtering yields have been attributed to
numerous parameters -which may effect the final results. A.
number of these that could be considered are crystalline
structure, target chamber vacuum, temperature, angle of
incidence of incoming ions, and ion energy.
With the advent of methods of easily producing mono-
crystalline foils of defined orientations, sputtering experi-
ments have been performed •with better consistency. Early
studies performed on polycrystalline surfaces produced random
results and reproducability was difficult to obtain. Numerous
studies have stated that sputtering yields are strongly dep-
endent upon crystal orientations. [7,10,24]
Another important parameter to be considered is target
thickness since ion penetration was found to be dependent
upon it. [17|
The presence of oxides or other contaminants on the
crystal's surfaces could introduce variations due to their
undesirable collisions with the incident ions.
The vacuum effects on the sputtering yield have been
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discussed by Harrison and Yonts. [7] Difficulties encountered
with a poor vacuum (less than 10~-^torr) are those of back
diffusion and charge-exchange. The first term applies to the
situation whereby the sputtered atoms interact with residual
gas molecules in the vacuum chamber and diffuse back to the
target surface. Charge-exchange occurs when the incident
ion collides with a gas molecule and forms a neutral high en-
ergy particle. This effects the total flux measurements.
A. third difficulty mentioned is target surface contamination
caused by the adhering residual gas molecules. For repro-
ducable experiments, it has been suggested that a vacuum of
less than 10°"° torr be obtained in the target chamber. [7]
Temperature increases may also effect the sputtering
results. Thermal vibrations of atoms in the crystal lattice
influence the collision sequences whereby there occurs an
increase in angular divergence of atoms ejected from the {110/
directions. For increasing temperatures the sputtering ratio
should fall due to the diminishing efficiency of energy trans-
mission from the interior to the surface. [l5,16J Channelling
was also found to decrease with increasing temperatures.
It is assumed that the angle of incidence of the incom-
ing ion to the crystalline surface does effect sputtering re-
sults. This is based upon the focused collision theory and
the fact that the dissipated energy transferred by the ion
to a given atomic layer is a function of the angle of inci-
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dence. [llj Other investigators have mentioned variations in
yield due to various incident angles. [24] Nelson and Thompson
[l7j mentioned that enhancement of the channelling effect
could be obtained by varying the incidence angle along <^110/
directions.
Pease [19] noted that there is a threshold energy below
which no sputtering occurs. This occurs when a collision
imparts an energy to the surface atom less than its dis-
placement energy and it is therefore not ejected from its
lattice site. Since the focusing energies depend upon the
lattice spacing and the interatomic repulsion forces, there
is a maximum threshold energy, above which collision focusing
will not occur. [26]
Hence, the sputtering yield is dependent upon many
parameters and the interdependence of these factors adds to
the complexity of a solution. The most productive method
of determining the yields was to attempt to hold constant as
many parameters as possible during sputtering experiments.
li+ . Apparatus
The apparatus used in the sputtering experiment is
shown in Figure 17 and is described in detail by Horn and
Stocking. [8] A two Mev Van De Graaff accelerator was
used to provide a proton ion beam. The accelerator provided
a proton beam composed of three different singly ionizing
mass groups:
38
Mass one - one proton
Mass two - two protons
Mass three - three protons
A 25° magnetic analyzer (See Figure 17) was used to
resolve the mass groups and to control the selected group
energy. Beam resolution was four KeV at two MeV. [8]
The target chamber, target assembly and repeller vol-
tage configuration are shown by Horn and Stocking. [8j Prov-
ision was available for external adjustment of the target in
the horizontal and vertical directions. Partial rotation of
the target about the vertical axis was available, however,
all sputtering runs were made with the target perpendicular
to the incident proton beam.
15 • Experimental Procedure
The sputtering ratio, S, is defined as the ratio of the
number of silver atoms ejected from the silver film, N. ,






The value for N^_. was obtained from the reactor act-
ivation of the carbon collector. A computer analysis of the
resulting decay curve yielded a value for N« 110 (the 24 sec
half-life silver component). NA was obtained from NA 110
by using the calibration curve shown in Figure 13 •
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Where M = mass group of incident ion
(ie.
, 1, 2 or 3)
e =** election charge
- 1.6 X 10- 19 coulomb
Qtot = total charge =
J
Ifcot dt
The total current (I+-ot ) measured -was equal to the





The electronics used to determine Q. are discussed by Horntot
and Stocking. [8] I+-ot is not affected by the following:
(1) Charged rather than (assumed) neutral silver
atoms ejected from silver foil. (Provided all
ejected atoms strike the collector assembly. )
(2) Secondary election flow between target and
collector.
The target and collector currents provided a means of
determining the percent of incident protons transmitted to
collector. The percent transmission of incident protons is
given by:
% Transmission = I




Equation (7) is correct provided all the ejected silver atoms
are neutral. The percent transmission for three proton mass
groups as a function of Icolj/^tst was plotted by Horn and
Stocking. [8]
The general approach for a sputtering run was to select
a transmission percentage and a proton mass group which in





was then adjusted to obtain the desired current ratio.
A mono crystalline silver film of known orientation and
thickness was installed along with an acceptable carbon col-
lector in the target assembly. All exposed surfaces of the
target assembly were wiped with acetone and placed in the
target chamber. The chamber was evacuated to 1 X 10 J
torr or better and then heated to an external temperature
of 170°C for a minimum of four hours to allow for degassing
of the internal chamber surfaces. After cooldown, liquid
nitrogen was introduced into the chamber cold trap, resulting
in a final vacuum of 1 to 5 X 10"*' torr. The repeller volt-
age, target, and current leads were connected to the approp-
riate terminals. (See [8] , Figure 7)
A proton beam was established with the Van De Graaff
generator and mass one protons were selected with the
analyzing magnet. The proton energy was adjusted to about
one MeV at which time visual sighting of the beam striking
the target assembly (indicated by a small luminous spot) was
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made via a viewing port located on the side of the target
chamber. Horizontal and vertical adjustments to the target
assembly were made at this time to locate the film directly
in the path of the proton beam.
Mass two protons were then selected and the proton
energy adjusted to obtain a transmission point, which in all
cases was chosen to be 50$. (At this percent transmission
the target current is equal to zero). To approach and
thereafter maintain zero target current, the proton energy
was increased or decreased according to whether the target
current was positive or negative respectively.
Once at zero target current the collector current was
maximized utilizing focus and beam current controls. The
collector current ranged from 0.03 to 0.20 \* amperes. The
total current (at the 50$ transmission point the collector
current was equal to the total current since the target
current was approximately zero) was then fed into an
integrating circuit to provide charge accumulation. The
time involved to orient beam and film and establish 50$ trans-
mission varried from 15 minutes to one hours. An estimate
of charge accumulation was made for this period and added
to the charge collected at 50$ transmission.
The criteria for determining the amount of charge to
be collected was based on the ability to accurately detect
the quantity of sputtered silver utilizing the reactor analysis
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techniques discussed earlier. Sputtering runs were continued
until 2000 to 5000 ^ coulombs of charge had been collected.
The charge accumulation rates varied from 150 to 650 p-
coulombs per hour. Sputtering runs were lengthy, involv-
ing anywhere from 12 to 25 hours per run. Several of the
longer runs were accomplished by sputtering four to seven
hours a day for three or four days.
Prior to and at frequent intervals during a sputtering
run the proton beam was shut off and leakage currents
(both target and collector) were measured to detect any
erroneous readings due to stray currents. Leakage currents
for both target and collector were generally less than 1 X
10~^|ji amperes.
Once the desired total charge had been accumulated the
proton beam was secured and the target chamber vented.
The carbon collector was removed from its holder and pre-
pared for reactor irradiation as described in Section 8. The
resulting decay was analyzed by the FRANTIC program and
a NAg^l0 was obtained. |22]
16. Results
The sputtering ratio as determined by equation (5) is
correct provided all the ejected silver atoms are (1) incident
upon the carbon collector and (2) remain stuck to the col-
lector. It seems likely that these two conditions are not
fully satisfied and therefore a correction factor should be
43
introduced into equation (5). A sticking coefficient [8] equal
to 0.7 - 0.2 is inserted into the denominator of equation (5)
to compensate for condition (2). Due to the large sticking
coefficient uncertainty of 0.2, we felt justified in assuming
condition (1) could also be covered by the sticking coefficient.







Substituting into equation (8) the value of N from equation
(6) we obtain:




0.7 X M X QtQt
Since M=2 and e=1.60 X 10-1^ coul. we have




Table 2 shows the values of S obtained at 50% transmission
for films of 111 and 100 orientation.
The maximum error in S varied from 35$ to 68$.
17. Evaluation of Results
The following parameters for each sputtering run are










NAgU0 ± c- NAgH0
XAg110 ± n AS 110
Due to the small number of sputtering ratios obtained
it was difficult to draw any significant conclusions from these
ratios. Therefore, it was decided it would be more benefic-
ial to discuss the effects of various sputtering parameters
rather than the sputtering ratio itself.
For both film orientations (111 and 100) the average
energy ( E ) per nucleon required for 50% transmission was
directly proportioned to the film thickness. E varied from
265 KeV for a 13,150 A film (111) to 520 KeV for a
17,050 A film (100).
The target chamber vacuum, when greater than 3 X10
torr, was found to increase significantly the target and
n
collector leakage currents. With the vacuum below 3 X 10 '
torr, the error incurred in target and collector currents due
to leakage currents was less than 1%, Above 3 X 10 torr
the current error increased to 10$ or greater and at a
vacuum of 1 X 10""" torr leakage currents were so large as




(50£ Transmission -with Mass 2)
Film Film Qtot n a 110 na S Max *
Number Orientation ( ^ coul. ) g (X^L0 12M Error
3020 3,959 3.9 0.0147 68
2210 1,604
2800 12,348 15.4 0.0627 35
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Collector currents varied from 0.03 to 0.20 ^ amperes.
The power delivered to the film by the beam was 0.008 to
0.071 watts respectively. The maximum temperature of the
film occurred at the center of the beam-target intersection
and was calculated to be within the limits of 14°C and 85°C.
(See Appendix I of [8] ). These temperature limits indicate
negligible heating effects by the proton beam.
The average charge collection rate was 200 to 650pcoul/
hr. No definite trends could be related to the charge rate,
although it was felt that rates in excess of 400 yi coul/hr
were not desirable. This was based on the fact that three
of the four sputtering runs above 400 y coul/hr failed upon
subsequent reactor analysis of the collector to reveal a sat-
isfactory silver decay.
The repeller voltage used for the minority of sputtering
runs was set at a -22+00 volts, an optimum value as deter-
mined by Horn and Stocking. [8] However, after several
sputtering runs utilizing (100) films yielded negative results,
it was decided to investigate the repeller voltage and ring
configuration as a possible trouble source. It was found
that a -2400 volt potential caused excessive leakage currents
(vacuum was 3 X lO"? torr). The repeller rings were
replaced with rings having a smaller diameter and the voltage
was dropped to -90 volts. One sputtering run was completed
using this reduced repeller voltage, but we were unable to
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detect any sputtered silver on the carbon collector. The
repeller voltage was then varied throughout the range of
-150 to -224.OO volts in an effort to determine a satisfactory-
potential. A voltage of -900 volts was chosen as a com-
promise between the high potential effects of leakage currents
due to insulator breakdown and the low potential effects
allowing secondary electron escape. This voltage maintained
leakage currents of less than 1 X 10~^ja amperes.
The reactor analysis of the sputtered silver produced
values for N« 110 with uncertainty errors of 3 to 7%» The
corresponding half-lives for the Ag11 ^ component were gen-
erally within one standard deviation of the accepted 2h sec-
ond half-life.
In addition to those parameters listed in Table 2 there
are several other parameters which we believe have a sig-
nificant effect on the sputtering experiment. These par-
ameters are (1) the incident beam angle, (2) the percent
mono crystalline nature of the target film, (3) contamination
of the film, and (k) mechanical defects in the film.
As previously stated, all targets were installed perpen-
dicular to the proton beam. However, the allignment proced-
ure was at best accurate to within only ±5°. A second
allignment uncertainty present was due to the film itself.
Frequently the films had irregular surfaces acquired generally
as a result of the mounting procedure used. This irregularity
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presented additional possible deviations from the normal by
as much as 10° depending on the area of the target sputtered,
The overall effect was to provide a possible deviation of as
much as 15° from the desired normal incidence.
The per cent monocrystalline nature of the target was
believed to be no worse than 75$ and generally exceeded 90$.
These values were obtained on a basis of visual inspection of
the Laue patterns taken for each film.
The contamination of the films was held to a minimum
by storing the films under a helium atmosphere. The films
were generally installed in the target chamber within a month
after epitaxial growth. Contamination due to oil vapors from
the oil diffusion pump escaping into the target chamber was
minimized through the use of a cheveron baffle cold trap.
Any small pin holes obtained during film removal from the
substrate and subsequent mounting procedure would cause
significant errors in the desired per cent transmission point.
The effect would be to increase the transmission point from
that desired, along with increasing the collector current. It
is believed that several of the sputtered films had small
hole defects resulting in excessive collector currents and
charge rates. Subsequent reactor analysis of the carbon
collectors used in these runs revealed negligible amounts of
silver sputtered.
In conclusion, it should be noted that comparison of our
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sputtering ratios (for (111) films only) with those obtained
by Horn and Stocking [8j yielded similar values of S and E
per nucleon. At 50% transmission using films of comparable
thickness (13,900 A vs. 11,300 A) we obtained a sputtering
ratio of CO 12+7 and E per nucleon of 350 KeV as compared
to their values of 0.013 and 360 KeV respectively. Our 111
film of 17,520 A had an E per nucleon of 2+50 KeV as com-
pared to Horn and Stocking's film of 21,200 A having a E
per nucleon of 2+72 KeV.
18. Recommendations
The present system for experimentally obtaining sputter*1
?;
ing ratios is subject to numerous variables. Future invest-
igation in this area would benefit by the elimination or reduc-
tion of some of these variables.
The growth of thin monocrystalline films is an important
starting point in the overall, broject. An attempt should be
made to improve the epitaxy vacuum so that a vacuum of
1 X 10"*' torr is available during film growth. Also in the
interest of saving time, the number of foils obtained per
epitaxy run should be increased to three or four foils per
substrate rather than the present two.
The sensitivity of the reactor analysis procedure for
the carbon collectors could be improved by using higher reactor
power levels and longer irradiating times provided the number
of activations per day did not exceed one or two. The
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sensitivity could also be improved by replacing the Duco cement
used as a containment layer for the sputtered silver with a
suitable substitute possessing a smaller neutron activation
cross section.
The sputtering runs themselves -would benefit if a tar-
get chamber vacuum of at least 1 X 10~8 torr -were available.
The present allignment procedure and control of target pos-
ition should be improved to provide a more positive positioning
ability. This would eliminate much of the uncertainty involved
with beam incidence angle with the target.
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Figure 6, Cadmium Gups,
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Figure 7. REACTOR POWER LEVEL STRIP CHART
(200 watt activation)
1. Reactor being brought up to power 2. Reactor at 250
watts, sample inserted 3. Power level dropped and
readjusted* to the 200 watt level 4. 200 watts maintained
for duration of activation 5. Reactor scrammed
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Figure 8. REACTOR POWER LEVEL STRIP CHART
(1000 watt activation)
1. Reactor being brought up to power 2. Reactor at 1000
watts, sample inserted 3. Power level dropped 4. Power
level returned to 1000 watts 5. 1000 watt power level
maintained for duration of activation 6. Reactor scrammed.
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Figure 11. COUNTING EQUIPMENT
1. Heterodyne Frequency Meter and Crystal Controlled
Calibrator Equipment 2. Decade Scalar 3. Hon Overload
Amplifier 4. 900 volt power Source 5. Analog to
Digital Converter 6. 512 Channel Memory Unit 7.
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